The new application aspect of spin labels technique to macromolecular adsorption on magnetic nanoparticles and quantitative adsorption layer characterization was developed. The technique is based on measurement of ESR signal intensity of stable nitroxide radicals, covalently bound to macromolecules. As a result of spin-labeled macromolecules adsorption on the nanoparticles surface ESR spectra lines broaden due to dipole-dipole interaction of unpaired electrons of radical with particles magnetic moment. This leads to signal intensity decreasing. Multilayer adsorption of biological macromolecules -fibrinogen and albumin, and also synthetic polymer -polyethyleneimine on magnetite particles with average diameter 17 nm was studied. It was shown that the method is applicable for adsorbed macromolecules number evaluation when the thickness of multilayer coat is up to 40 nm.
INTRODUCTION
Adsorption properties of metal-containing nanoparticles including nanoparticles with magnetic moment are still poorly studied in contrast to traditional organic and nonorganic sorbents. At the same time magnetic nanoparticles are used either as fillers for composite materials or in medicine for delivery of drugs to diseased areas. Adsorption properties of these particles in both cases play an important role. It was shown previously that the usage of paramagnetic molecules (spin labels) as sensors allows one not only to study microparticles adsorption capacity but also gain information about adsorption layer properties [1] [2] [3] [4] [5] . The aim of this work was to make an analysis of spin labels technique capability in the study of macromolecules adsorption on magnetic nanoparticles surface. Adsorption of protein molecules (fibrinogen FG and bovine serum albumin BSA) and synthetic polymer polyethyleneimine PEI on magnetite nanoparticles in water medium have been studied.
MATERIALS AND METHODOLOGY

Materials
Magnetite nanoparticles were synthesized by coprecipitation of Fe 2+ and Fe 3+ salts. The particles were stabilized by the double electric layer in phosphate-citrate buffer according to the procedure [6] . These nanoparticles were characterized by lognormal distribution in diameters. The average value of d was 17 nm, half-height width was 12 nm. Molecular weights of FG and BSA (both Sigma, USA) were 340 and 66 kDa, respectively [7] . PEI with molecular weight 10 kDa was produced in Russian Institute of Petrochemical Synthesis. Hydrosol of nanoparticles was mixed with macromolecular solution in water (PEI) or in
The reaction was conducted at room temperature. The radical (molecular weight is 319 g/mol) in amount of 0.9 mg or 1.8 mg was dissolved in 1 ml of 96 % ethanol. 25 μl of label solution was added to 1 ml of protein solution in phosphate buffer with pH ~8.5. Label-containing solution was incubated for two hours. Then, it was dialyzed on magnetic stirrer for 12 hours with changing of buffer solution for three times. As a result of the reaction spin-labeled proteins were obtained. The average number of labels per molecule were 3 for FG and 1 for BSA.
Spin-labeled PEI was also obtained by R I binding to amino groups of the polymer in water solution at room temperature. The radical in amount of 1.5 mg was dissolved in 96 % ethanol (5 ml). 25 μl of label solution was added to 1 ml of PEI solution in water so that 10 labels could be bonded to one polymer molecule. Label-containing solution was incubated for a day which is sufficient for labels to be bonded.
ESR Spectra Registration and Analysis
ESR spectra were recorded using Bruker EMX 2.7/8 X-band spectrometer at temperature 293 ± 0.5 K. Microwave power was 5 mW, modulation amplitude 2 G.
ESR spectra of the systems magnetite -spin labeled macromolecules consist of three narrow lines of nitroxide radical and wide line (700-900 G) of magnetite nanoparticles [10] . The example of the spectrum for spin labeled PEI in the presence of magnetite nanoparticles is shown in Fig. (1) . ESR spectra of spin labels were obtained by subtraction of magnetite lines from total spectra in a manner described in [10] . The following parameters were defined from the ESR spectra of spin labels: central component intensity (I 0 ) and linewidth ( H 0 ), rotational correlation time ( ). Values of were determined by matching the experimental spectra to the theoretical, calculated in [11] . Magnesium oxide powder containing Mn 2+ ions was used as an external standard. 
RESULTS AND DISCUSSION
Spin Label Technique Data
The spectra of radical R I and spin labels bonded to protein and PEI molecules are shown in Fig. (2 Comparison of values presented above allows one to make following conclusions: radical binding to macromolecules restricts its rotational mobility and the difference between label mobility for BSA, FG and PEI exists. The slowest mobility is typical for labels bonded to BSA, the most rapid mobility is the feature for lowmolecular PEI. The intermediate value is peculiar to spin labels on FG. These results can be explained by the diversity in macromolecules structure and molecular weigh. BSA has a globular structure, and, probably, considerable part of labels can be located inside the globule, where local viscosity is high, whereas the labels bonded to fibrous protein (FG) molecules are in the areas with more incoherent packing. Spin labels are predominantly surrounded by water molecules in low-molecular PEI solutions, so that their rotational mobility is restricted mainly by rotational barrier about ordinary chemical bond.
Fig. (2)
. ESR spectra of solutions of radical R I (1), spin-labeled: BSA (10 mg/ml) (2), FG (7 mg/ml) (3) and PEI (4). T = 293 K.
Dipole-dipole interaction between radical and nanoparticle depends mostly on the distance between these species. The dipole line broadening of radical spectra H can be calculated by equation [12, 13] :
where r is the distance between radical and nanoparticle, <μ z > is the average magnetic moment of nanoparticle, equals to 4·10 -16 G·cm 3 [14] .
The line broadening dependence on the distance between radical and nanoparticle is shown in Fig. (3) . According to equation (1) and Fig. (3) , the sharp line broadening takes place if paramagnetic and magnetic particles are on the distance less than 40 nm. The line width may grow up to 80 G that leads to line intensity hundreds times decreasing. Under the stipulation of statistical distribution of the radicals in solution at the concentration of particles 0.01 vol.% there are less than 2 % of radicals in the surface layer of 40 nm in thickness. It is evident, that considerable changes in ESR linewidth and intensity will not be observed in this case. This fact is proved by the data presented in Table 1 . It is important to note that the results obtained do not depend on paramagnetic particles concentration if these particles are distributed in solution statistically.
If the radicals (or labels) adsorb on nanoparticles surface, the amount of radicals in the surface layer grows and the condition of radical uniform distribution breaks. ESR lines of these radicals broaden and, therefore, their intensity decreases sharply. Such lines will not be seen against the background of the line from radicals dispersed in solution. Apparent line intensity will also decrease. So, analyzing line intensity changes we can detect the adsorption of the macromolecules and estimate the low limit of adsorption layer thickness. Denoting n a is the amount of adsorbed radicals and n is the total amount of radicals in solution, we can right down:
where I and I ' are ESR line intensity before and after nanoparticles introduction into the solution.
For spin labeled macromolecules, signal intensity decreasing after introduction of magnetic nanoparticles into the solution is a result of macromolecule adsorption. The dependences of spectra lines intensity for spin labeled BSA, FG and PEI molecules on nanoparticles concentration in solution are presented in Table 1 .
It is seen from Table 1 that the intensity of ESR signal of free radicals and labels bonded to BSA does not change when nanoparticles concentration in the system changes. However, label signal intensity in the case of FG decreases to 67 % and in the case of PEI to 28 %. These results show that FG and PEI are adsorbed and lines of labels bonded to them are abruptly broadened. Equation (2) allows estimating the amount and fraction of adsorbed radicals. The fact that signal intensity of spin-labeled BSA does not change in the presence of nanoparticles means either this protein does not adsorb or the thickness of adsorption layer is insignificant. Since ESR signal intensity is the main quantitative parameter we should estimate the error in I value. The basic contribution to imprecision is predicated upon procedure validity of magnetic nanoparticles and paramagnetic labels spectra division. It follows from spectrum analysis that the error in I value equals to ~6 %.
We should note that adsorbed molecules fraction coincide with adsorbed radicals fraction obtained from Eq. (2). The amount of FG molecules adsorbed was calculated from adsorbed radicals fraction (33%), nanoparticles concentration (0.01 vol.%), FG concentration (7 mg/ml) and nanoparticles density (5.2 g/cm 3 ). The results obtained showed that 95 protein molecules adsorbed on one nanoparticle. The diameter of protein coat formed around the nanoparticle was calculated in consideration that FG molecules adsorbed on nanoparticle occupy a volume equaled to production of their amount and one molecule volume (2900 nm 3 according to [15] ). If molecules formed a close packing on the nanoparticles surface, the diameter of particle along with coat equaled to 91 nm and layer thickness of FG coat equaled to ~32 nm. The adsorption layer thickness calculated this way was minimal, because we considered that molecules on nanoparticles surface had close packing.
PEI molecules number in adsorption layer was calculated the same way. It was shown that there were approximately 167 PEI molecules per nanoparticle at concentration 0.01 vol.%. PEI concentration was 0.15 mg/ml. Adsorption layer thickness calculated in consideration of close packing of molecules (according to [16] molecule volume is 10 nm 3 ) equaled to 1.5 nm.
Estimation of Dipole-Dipole Contribution to Line Broadening Due to Interaction Between Spin Labels
We should note that when concentration of spin labels on immobilized macromolecules is high the dipole interaction between radicals also leads line broadening. Dipole broadening can be calculated by equation [17] [18] [19] :
where c r is a concentration of spin labels, k dd is a constant of dipole broadening equals to 3.5·10 -20 G·cm 3 . In the case of PEI the distance between labels is as small as ~1 nm and the value of dipole broadening amounts to 35 G (if spinexchange narrowing is ignored). When adsorption on particles with vast magnetic moment takes place the lines broaden more significantly. So, despite of the type of broadening mechanism the lines of spin-labeled macromolecules immobilized on surface will not appear in the spectrum. Interaction between radicals should be taken into account only when adsorption on nonmagnetic particles is studied. If the concentration of spin labels is low dipole interaction between them is so weak that it will not lead to line broadening. For example, in the case of FG such broadening equals to 0.035 G.
Linear Aggregates Formation in the System ProteinsNanoparticles in External Magnetic Field
It is known that under the influence of direct magnetic field linear nanoparticles chains orientated along the flux lines are formed in magnetic particles dispersions [6, 20, 21] . The number and length of these chains are defined by nanoparticles concentration and magnetic moment, their size and shape, magnetic field strength and temperature. In the present work it was shown that large linear aggregates consisting of both nanoparticles and protein molecules connected with them are formed. Photos of these linear aggregates in three different systems are presented in Fig. (4) .
The large linear structures formed in the flat cell containing FG (3 mg/ml) solution are shown in Fig. (4b) . The magnetite nanoparticles concentration was 0.01 vol.%, magnetic field strength was 1.5 kG and exposure time of 1 hour. Under the same conditions and exposure time of 2.5 hours aggregates of significantly less size formed in BSA (10 mg/ml) solution (Fig. 4c) . In the absence of protein linear aggregates were also registered after 2.5 hour exposure (Fig. 4a) . Therefore, magnetic nanoparticles contribute to self-assembly of protein molecules in magnetic field. This self-assembly takes place both in longitudinal and normal direction so that large anisotropic structures form. The formation of longest chains in the case of FG may be explained by strong interaction of side domains of FG fibrils adsorbed on neighboring nanoparticles. After switching off the magnetic field these structures transform to large spheroids.
In the system containing PEI-coated nanoparticles the linear structures were not registered.
CONCLUSION
The data obtained in this study showed the efficiency of spin labels technique in research of macromolecules adsorption on metal-containing nanoparticles. The adsorption of spin-labeled macromolecules on magnetic nanoparticles leads to decreasing of ESR signal intensity. This approach allows defining the fraction of adsorbed macromolecules and estimating multilayer coat thickness, if it does not exceed 40 nm. The error in adsorbed molecules fraction determination is less than 6 %. It ought to be noted that the procedure of nitroxide radical binding to reactive groups of macromolecules is not difficult and not timeconsuming. As it mentioned in experimental section, radical R I binding to amino-groups is carried out at room temperature during 1 day.
The results concerning FG adsorption on magnetite nanoparticles obtained in this work are supported by dynamic light scattering data. Thus, according to light scattering, 95-100 FG molecules adsorb per nanoparticle with same characteristics. The advantage of spin label technique is that it allows obtaining information not only about macromolecule adsorption but also about local viscosity which defines rotational mobility of the label. Globular protein BSA is characterized by the highest rotational correlation time in solution. Evidently, the reason of this is close packing of BSA coil. This protein adsorb in smaller amount on magnetite nanoparticles than PEI or FG.
Micron-size linear aggregates form under the influence of direct magnetic field. These aggregates consist of nanoparticles and adsorbed macromolecules. Analysis of aggregation kinetics dependence on nanoparticles and protein concentration in solution and external magnetic field strength is the object of follow-up study.
We should note that spin label technique can be used also in the study of macromolecule adsorption on non-magnetic nanoparticles. In this case the main characteristic parameter is rotational correlation time of labels. This parameter changes sharply when macromolecules immobilize by adsorbent surface [4, 5] .
